Abstract-The steel industry makes extensive use of alumino-silicate fibre products, particularly as linings in high temperature furnaces, where their outstanding heat insulation properties confer substantial energy conservation benefits. These products can have a range of compositions, and the fibre may be initially in a crystalline and/or amorphous material. De-vitrification may occur during the normal service life of the product and the crystalline phases formed may create health hazards during furnace relining operatiens. There is therefore a need both to characterise these fibres in terms of their rate of de-vitrification and the component phases that are formed.
INTRODUCTION
The steel industry makes extensive use of ceramic alumino-silicate based fibre materials, particularly for lining hot faces of mill furnace walls and roofs, where their outstanding heat insulation properties confer substantial energy conservation benefits (Hay, 1988) . Used in this way the fibre provides a low thermal mass lining, minimising the fuel required to bring the furnace and lining up to working temperature, and permits the material behind to operate at low temperature. The products used are in the form of blocks, modules, or blankets. The alumino-silicate fibres are, at the outset, either fully amorphous containing 40-60 wt% alumina, or crystalline with an alumina content of 70-100 wt%. De-vitrification, with the attendant constitutional changes, can occur during the normal service life of such products, and this will affect the physical properties of the material. Stemming largely from the severe adverse health impact of asbestos-based products (Doll and Peto, 1985) , scrutiny of all fibrous materials in use in the steel (and other) industry is essential (World Health Organisation, 1987) . The potential health hazards which may result from exposure to dust originating from such materials are thought to arise from both the fibrous nature of the products (Gantner, 1986) and the formation of a crystalline silica phase (Holroyd et al., 1988; Dyson, 1972) , although there is still much debate as to which is the more important (Brown et al, 1992a) and how to assess the risk (Bignon et al., 1995) .
Five grades of material were examined during this study: standard aluminosilicate fibre; chromium-containing alumino-silicate fibre; zirconium-containing alumino-silicate fibre; mixed fibre (a blend of high alumina and alumino-silicate fibre designed to enhance the refractories of the product); and mullite fibre. The products chosen encompass the range of materials generally used in the steel industry. The standard fibre has a classification temperature (maximum service temperature) of 1260°C, and the high duty materials, containing either zirconium or chromium oxide have classification temperatures of 1400 c C. Analyses of laboratories and plant-treated material for a wide range of temperatures and times has been made in order to fully characterise the changes that occur in the crystalline structures of these fibres.
EXPERIMENTAL PROCEDURE

Furnace/heat treatment details
Firings of cubes of these materials (5 cm in length) have been carried out at a variety of elevated temperatures (1050-1500°C) for times ranging from 24 to 4004 h. The samples were arranged in the laboratory furnace so that they could be heated from all sides and held at the test temperature long enough to ensure that the physical and chemical changes had been completed throughout the thickness of the samples.
In addition samples of ceramic fibre were removed from various plant furnaces, operating at a variety of temperatures. Both zirconium-and chromium-containing fibre modules, taken from furnaces operating at a variety of nominal temperatures, were examined.
X-ray diffraction
The equipment used for the X-ray diffraction (XRD) studies comprised a Philips goniometer equipped with a variable divergence slit, monochromator, and multispecimen facility. Software was available for data collection, augmentation of data, and data interpretation-particularly phase identification (Powder Diffraction File) and quantitative analysis via profile fitting and line (integrated) intensity measurements. This is described in detail elsewhere (Butler and Dyson, 1997) , but the accuracy of the technique is estimated as ±5 wt%.
For the XRD work, ceramic fibres were crushed using an automatic grinding machine (Spex 8000 Mixer/Mill with a tungsten carbide ball mill. Calcium fluoride of a similar particle size was used as an internal standard and was used as received (BDH, 99% purity). With the internal standard method of quantitative analysis, it is De-vitrification of alumino-silicate ceramic fibre materials 563 necessary to treat sample and standard alike to achieve a homogeneous mix, that is to grind both separately down to the same particle size, add them together and finally mechanically mix them together. This practice was adopted throughout the work.
Calcium fluoride, (20% by weight) was added to the crushed fibres and the resulting sample thoroughly mixed in the mill. Samples were prepared for XRD analysis by front-filling an aluminium sample holder. CoKa radiation was used; the generator operating at 40 kV and 40 mA. In general, the diffractometer examination comprised a 20 scan from 8 to 90° 20, (0.05° step size and a dwell time of 3 s per step) for phase identification and two smaller scans (22--35° and 52-57°, both with a step size of 0.005° and a dwell time of 2 s per step) for quantification purposes.
Scanning electron microscopy
Samples were prepared for examination by SEM by cutting a small section of the ceramic fibre from the bulk sample. This was then affixed to the sample stub by means of conductive aluminium tape. The low density and electrical insulation of the fibre made it necessary to apply a carbon coating to these samples to prevent a build up of charge. An energy dispersive X-ray spectrometer attached to the SEM was used for obtaining chemical data. The SEM was operated at 15 kV with typical beam sizes in the range 30-100 nm.
RESULTS AND DISCUSSION
Unused fibres
In this study five types of ceramic fibre were investigated, a standard aluminosilicate fibre, a chromium-containing alumino-silicate fibre, a zirconium-containing alumino-silicate fibre, a mixed fibre, and a mullite fibre. The chemical compositions of the unused fibres are given in Table 1 . All five fibre types were examined but this paper concentrates mainly on reporting the details from the standard, chromiumcontaining, and zirconium-containing alumino-silicate fibres.
The X-ray diffraction patterns from the five unused commercial products indicated that the standard fibre, chromium-containing fibre, and zirconiumcontaining fibre initially all have a fully amorphous structure, the diffraction pattern showing a broad intense halo with a maximum of 20 = 28° and possibly subsidiary maxima at high values of 20 [ Fig. l(a) , Fig. 2(a) and Fig. 3(a) ]. The peaks at approximately 20 = 33° and 20 = 55° are due to the internal standard, calcium fluoride. In contrast, the structure of the mullite fibre was fully crystalline with two phases present, that is mullite (3Al 2 O 3 .2SiO 2 ) and 0-Al 2 O 3 . It is estimated that the 0-A1 2 O 3 content may be 10-15 wt%. The crystalline phases present in the mixed fibre sample [ Fig. 4(a) ] are <X-A1 2 O3, 0-Al 2 O 3 and mullite with an estimated total crystalline content of approximately 30 wt%; the remainder being the amorphous phase.
Heat treated fibres
Samples were heat treated at temperatures of 1050, 1100, 1200, 1300 and 1500°C, for times of up to 4004 h (approximately 6 months). These conditions were selected because of their relevance to operating furnaces and on the basis of the results De-vitrification of alumino-silicate ceramic fibre materials 569 obtained when the first batches were heat treated. The higher temperatures used are above the classification temperatures of some of the fibre materials. However, these high temperatures were used to accelerate the de-vitrification process for the purpose of this study. The heat treatments used and the crystalline phases identified are summarised in Tables 2 and 3 . These data used the (111) calcium fluoride peak as an internal standard, the standard reference intensity. The (220) calcium fluoride peak was also used as a standard, and produced similar results, although the (111) peak was favoured for a variety of reasons (Butler and Dyson, 1997) . The higher percentage values ascribed to glass and other phases referred to in Tables 2 and 3 was calculated from (100 -sum of quantified crystalline phases) where the quantified crystalline phases were mullite, a-cristobalite, and a'-cristobalite.
Examples of the gradual de-vitrification observed are given in Figs 1-3 for the standard, chromium-containing, and zirconium-containing fibres, respectively, all at 1300°C. The de-vitrification of the mixed fibre at a variety of times and temperatures are shown in Fig. 4 . No cristobalite was formed upon heating the mullite fibres (Tables 2 and 3 ) and hence these are not discussed further.
The X-ray diffraction data from the lower temperature programmes (up to 1300°C), and especially for samples exposed for relatively short times, show the presence of a small, broad peak on the low angle side of the cristobalite peak at approximately 20 = 24° (Figs 1-4 ). This is shown more clearly in Fig. 5b . This peak always appeared during the early stages of de-vitrification as the cristobalite nucleated and grew. It was close to the (112) tridymite peak, and was thought to represent the initial stages of the ordering of the silica tetrahedra, and was present in the diffraction pattern from all of the samples heated at 1300°C, which showed a large cristobalite peak.
With increasing time at 1300°C the pattern changed and a second component of the cristobalite peak profile emerged, on the high angle side [Fig. 5(c) and (d)], and the total integrated peak intensity began to decrease, suggesting that once devitrification was complete, or near to completion, other changes were possible. Two isomorphs of cristobalite were considered to be present and Fig. 6 shows them in greater detail. In subsequent discussion these will be referred to as a'-cristobalite and a-cristobalite [as designated by JCPDS (Powder Diffraction File)]. The a'-cristobalite forms first, the a-cristobalite appears after longer heating times and has a smaller ^-spacing (higher 20) for its main X-ray diffraction peak. The differences between these two phases have been discussed in detail elsewhere (Butler and Dyson, 1997) , but are described briefly below. In addition it is claimed (Butler and Dyson, 1997) , that the a'-cristobalite is more similar to a-cristobalite, than to the /?-cristobalite observed in similar samples by other authors (Brown et al., 1992a; Young et al., 1989 Young et al., , 1994 .
Evidence that a'-cristobalite was a phase distinctly different in its structure from /?-cristobalite was found during the detailed examination of the sample of fibre that contained approximately 33% a'-cristobalite, 66% mullite and only a small amount of a-cristobalite. Upon heating this sample a transformation of the a'-cristobalite to /?-cristobalite was noted both by high temperature XRD and differential scanning calorimetry (Butler and Dyson, 1997) . The XRD measurements at 350°C showed the disappearance of the (110) 
1 :::::::::::::::: i displacement of the more intense (101) a' reflection (with CoKa radiation). This corresponded to a change in the interplanar spacing from 4.075 to 4.11 A. Differential scanning calorimetry studies showed an endothermic reaction which was associated with this transformation. These observations confirmed that some change in the structure occurred and that, while that of a'-cristobalite was related to that of -cristobalite, it was different from it, the change most probably being a result of a rearrangement of the silica tetrahedra possibly stabilised by impurity atoms.
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Similar differences were found between the a'-cristobalite and a standard acristobalite. Again the interplanar spacing of the most intense (101) peak changed, from 4.075 to 4.04 A-a change of 2® = + 0.22°. The enthalpy of transformation, as measured by differential scanning calorimetry, of the a' to ft, was considerably less than that of the a to /? transformation. Finally at high service temperatures (> 1000°C), there appears to be a distinct but gradual transformation of the a' to acristobalite. These studies suggest that at least three distinctly different cristobalite phases can exist, each differing in the arrangement of the silica tetrahedra.
At 1500°C, which is above the classification temperature for all the fibre products, de-vitrification was complete after 48 h, in all fibres. The main products being mullite and a'-cristobalite. After longer times at this temperature, acristobalite appeared and gradually increased in quantity in the standard, chromium-containing and zirconium-containing fibres, Table 3 . The relatively large quantity of a-cristobalite formed in the standard fibre, after 708 h at 1500°C can be seen clearly in Fig. 6 .
It was evident that as a-cristobalite formed, so the integrated intensity of the strong a'-cristobalite peak decreased. This is shown in Fig. 7 where the quantified data from Table 3 is plotted for the standard fibre. This was considered consistent with the a'-cristobalite transforming to a-cristobalite. The appearance of acristobalite after heat treatments at higher temperatures (>1400°C) of the alumino-silicate ceramic fibres was also noted by Young ex al. (1989 Young ex al. ( , 1994 . At these higher temperatures (1500 C C) there was no indication of the extra peak on the low angle side of the strong cristobalite peak which had been observed after heat treatments at 1300°C. Some of the samples however showed the reappearance of amorphous material after long time periods (for example 708 h) at 1500°C, although this was not a consistent result. This apparent re-vitrification of crystalline samples after long periods at high temperatures has been reported elsewhere (Brown et ah, 1992b) . Liquation of small volumes of sample due to local compositional variation is a possible explanation for the re-appearance of glassy material.
Clearly the reactions taking place during and subsequent to de-vitrification are both time and temperature dependent, and are most probably diffusion controlled. An attempt has been made to use the large quantity of data obtained for the devitrification of the five fibre types at different times/temperatures to predict the degree of de-vitrification in the ceramic fibres at different temperatures.
The Larson-Miller parameter (Holloman and Jaffe, 1945; Larsen and Miller, 1952) , that is:
where T= temperature in K, / = time in h and k = constant, was used initially to define the conditions necessary to promote equivalent states in reactions which are time and temperature dependent in steels. For reactions in such materials, where the diffusion of vacancies is the rate controlling process, the value of k is 20. Where other rate controlling processes predominate or in other materials the value of k will be different.
For determining when an equivalent degree of de-vitrification has been reached in ceramic fibres the criterion used was the onset of the formation of a'-cristobalite. For values of P= 16600 and k = 9, then at 1050°C it would appear after 3600 h (2922^004); at 1100°C it would appear after 1250 h (>601); at 1200°C it would appear after 190 h (168-240); at 1300°C it would appear after 35 h (<24); at 1500°C it would appear after 2 h (48). The figures in brackets give the times or time intervals that were found from the experimental studies (Tables 2 and 3) for the standard fibre. Good agreement is evident. Using the above values of P and k would suggest that the crystalline silica phase would form after 2 years at 980 c C and after 3 years at 965°C. Although such extrapolation from an empirical expression cannot be rigorous, this implies that if such materials were used in furnaces at these temperatures, there would be no a'-cristobalite (and presumably no a-cristobalite as this forms at a slower rate) formed during their useful service life. If it is the crystalline silica that promotes the health hazard, this would mean less cause for concern when wrecking the linings.
The same values of P and k, when applied to the experimental data from the chromium-containing and zirconium-containing fibres, again show a correspondence, but this is not quite as good as the correspondence found in the above values. It is clear from the experimental data that the formation of a'-cristobalite occurs sooner in these latter two fibre types, suggesting a slightly different value of k (and hence an enhanced rate controlling process) is applicable.
Chemical analyses of used ceramic fibres
There are two main objectives of the chemical analyses. To determine if there were any changes in chemical composition after heat treatment, and to compare the composition of the bulk fibre to that of the globular material, that is the shot extracted from it. Table 1 shows the chemical composition, as measured by X-ray fluorescence, of the bulk material (fibres and shot) and the separated shot, both unused and after treatment at 1500°C for 168 h.
Slight differences in SiO 2 and A1 2 O 3 contents were observed between the shot and bulk of the zirconium-containing and chromium-containing materials. Also, for the standard and chromium-containing fibres a slight segregation of ZrO 2 was noted between the shot and bulk material.
For the bulk material, the results showed that there was little variation in the chemical composition of the standard fibres, even after heat treating at 1500°C for 168 h. The differences observed are due either to experimental error or batch variability in the materials supplied by the manufacturer.
For a bulk sample of the chromium-containing fibre the SiO 2 and A1 2 O 3 contents remain approximately the same, but after the heat treatment the Cr 2 O 3 composition dropped from 2.6 to 1.6 wt%. The unused fibre is green in colour but this appears to be gradually 'bleached' out after more severe heat treatments. It is likely that the chromium is being lost through volatilisation. Loss of chromium will significantly reduce the refractoriness of the chromium-containing fibres.
Scanning electronic miscroscopic examination
The unused fibres were examined by SEM. Micrographs of the standard fibre product revealed fibres of variable dimensions but mainly having a thickness of up to approximately 15 jrni. A few thicker fibres were also present. The fibres were almost entirely smooth and featureless (Fig. 8) . Shot was also evident.
After short periods of service (< 1 year) at temperatures below the maximum recommended (classification temperature) there is little change to the fibre size or surface morphology. However, at the higher temperatures some of the fibres develop a surface texture. This texture partially covers the surface in some instances and wholly covers it as the temperature and time increases. 'Nodules' are often seen forming on the fibres and these appear to act as points at which fibres can become attached to one another. Such nodules have been found to be richer in SiO 2 than the fibre itself. Figure 9 shows micrographs from standard fibre material heat treated at different temperatures. There is no visible evidence of crystallisation occurring after 4004 h at 1050°C [ Fig. 9(a) ], although XRD studies suggest differently, Table 2 . Thus the surface texture is not a complete indication of the degree of de-vitrification of the product. After 48 h at 1300°C some fibres have a surface texture, but the majority remain smooth, Fig. 9b . No featureless fibres remain after 1344 at 1500°C, Fig. 9c .
XRD results from those fibres heat treated at high temperatures and showing texture (no smooth fibres remaining) clearly indicated that complete de-vitrification has been achieved, that is there was little evidence of a glass component present. However, at intermediate times/temperatures when XRD shows both some mullite and some cristobalite to be present the fibres appear smooth when examined under the SEM [ Fig. 9(b) ]. This could be due to the grain size of the crystalline phases being too small for observation by SEM. As de-vitrification continues, the crystal size will grow and hence become visible as texture.
Energy dispersive X-ray analysis was performed on several selected particles contained within heat treated and ground standard fibres to determine whether different particles had the same chemical compositions. These materials were known to contain only glass, mullite and cristobalite. The bulk composition of the standard fibre ontained approximately 55% SiO 2 and 45% A1 2 O 3 . Some particles were found with SiO 2 concentrations as high as 66% and as low as 44%, but the vast majority of particles analysed had the same composition as the bulk product material, irrespective of their size or shape. Since only a small amount of elemental segregation was evident in these heat treated and ground fibres, this implied that even in the de-vitrified material the particulates contain both the mullite and cristobalite that form.
Examination of the shot
The shot contents of the five fibre types were measured by an elutriation technique, according to British Standard 1902: Part 6: Section 7. Flowing water was used to wash away the fibres and the shot that remained was weighed. The results of these measurements are given in Table 4 , each result representing the average of three measurements. In certain materials the shot content was up to 48%. An SEM micrograph of shot separated from the standard fibre material can be seen in Fig.  10 . The size of the globular material is approximately 10-40 /im in diameter which was similar for all the shots examined (from standard, chromium-containing and zirconium-containing fibres). Table 4 shows the differences in the shot content of the various ceramic fibres. These basically reflect the manufacturing process. The standard, chromium- containing, and zirconium-containing fibres are all made by spinning or blowing techniques, so high shot contents would be expected. The standard fibre is the lowest cost, lowest specification product, so it would be expected to have the largest shot content. The mullite fibres are made by drawing a thread from a sol-gel process, so the shot content is much lower than the spun blown fibres. The mixed fibre contains both sol-gel and spun blown fibres so has a shot content intermediate between the two. The high shot content of some of the ceramic fibres prompted an investigation into the crystallisation kinetics of the shot. Shot, extracted from standard, chromium-containing and zirconia-containing fibre products, was examined by XRD in the unfired state and after heating for 48 h and 168 h at 1500°C.
Comparison of the XRD results from the shot with those from the equivalent bulk material revealed almost identical XRD patterns prior to firing. After firing the standard shot behaved similarly to the standard fibre after the same heat treatments. After firing the shot extracted from the chromium-containing fibre a greater degree of a'-cristobalite was produced than the corresponding bulk material (Fig. 11) . The differences were even more pronounced in the shot extracted from the zirconiacontaining fibre (Fig. 12) . After 168 h at 1500°C almost all the zirconia (both monoclinic and tetragonal) had converted to zircon, an effect not seen in the bulk fibre, even after 1344 h at 1500 c C. This implied a more rapid phase conversion in the shot compared to the fibres. This shot also shows the presence of less cristobalite, presumably due to the incorporation of silica into the zircon (ZrO 2 .SiO 2 ).
This apparent difference in the rate of de-vitrification of shot will have an effect on the quantitative results from the isothermal heating studies. The difference in the crystallinity between the two components (shot and bulk fibre material) may also be significant when assessing the health risk associated with these materials. In addition, the shot content is known to affect the basic properties of the ceramic fibre such as thermal conductivity (Miller and Scripps, 1982) . Thus the presence of shot and its behaviour are important factors to consider in the use and examination of ceramic fibres.
It was suspected that the difference in crystallisation could have been due to the two product forms differing in chemical composition as a result of manufacturing variations, but as already discussed the variations observed were minimal.
The differences observed could also be indicative of whether surface or bulk nucleation is taking place as the relatively large, spheroidal shot has a much lower surface to volume ratio than the thin narrow fibre. De-vitrification of alumino-silicate ceramic fibre materials 5SS5
X-ray diffraction examination of used materials
In addition to the laboratory heat treatments, a variety of used modules removed from working furnaces have been examined. The first samples were modules of zirconium-containing product stripped from several locations within a working furnace. The modules were approximately 250 mm thick and samples were taken from the hot face, centre and cold face of the module. The hot face of each module was coated with a high emissivity material and this was removed with a sharp knife before sampling the underlying material at a depth of 10 mm from the surface. All of the various modules examined gave almost identical XRD patterns for corresponding samples and typical data are shown in Fig. 13 . These show that de-vitrification was virtually complete at the hot face, but there was no evidence of any de-vitrification at the cold face. The section taken from the middle part of the module, contained cubic zirconia, small amounts of mullite and cristobalite. As observed in the laboratory heat treated samples, the cristobalite phase that formed was the a'-cristobalite variety. It was evident from these initial studies that the temperature gradient across the thickness of the module would determine the degree of de-vitrification at any point within it. Thus, even at the end of service life parts of the module would still have a fully amorphous structure.
Additional information was obtained from a further six modules (some zirconium-containing and some chromium-containing fibres) that, again, had been removed intact from working furnaces. Details of the service life of these modules are given in Table 5 .
The 1-cm thick slices which had been cut, parallel to the hot face and at various distances from it, were examined by XRD in order to determine quantitatively the amounts of both the a'-cristobalite and the mullite that had formed as a result of devitrification. The results obtained from these analyses are given in Table 6 . The slices cut corresponded to the positions of the tips of thermocouples which had been inserted into the modules in order to record the through thickness temperature profile. This profile is shown in Fig. 14 . Figure 15 shows an example of the quantities of these two phases as a function of thickness for furnace module 6 shown in Table 5 . The a'-cristobalite isomorph was found in all samples which showed any degree of de-vitrification. Most modules were fully de-vitrified at their hot face and the formation of mullite was noted further from the hot face than cristobalite, indicating that it forms at a lower temperature. The material was again fully amorphous at the cold face in most cases.
A comparison between the temperature profile data and the amounts of various phases present at equivalent depths (Figs 14 and 15) could be used to determine the temperature at which cristobalite and mullite form after the service life of the ceramic fibre insulation.
In two of the samples examined (furnace modules 2 and 6) the mullite and cristobalite contents are of similar magnitude at depths of 9.5 cm and 6.5 cm, respectively, from the hot face (Table 6 ). It is believed that these represent complete de-vitrification, this complete transformation extending further from the hot face during the material's time in service.
The effect of chromium being removed from the chromium-containing fibres noted earlier was also visible in the furnace modules examined; the fibre at the cold face had retained its green colour, but became progressively more bleached nearer the hot face. Table 6 . Details of the quantities of cristobalite and mullite found in the used furnace modules examined at various distances from the hot face These results demonstrated that it had been possible to apply the quantitative techniques devised to real materials used in working furnaces in order to confirm the results. Using the phase profile of the used furnace modules it will be possible to predict the total quantity of cristobalite in the furnace lining. These methods would enable the furnace lining to be examined prior to wrecking and any potential health hazard identified, so that suitable precautions could be taken when wrecking furnaces and subsequently disposing of these materials.
CONCLUSIONS
The initial objective of the work was to characterise the de-vitrification of five different types of ceramic fibre; standard alumino-silicate fibre, chromiumcontaining alumino-silicate fibre, zirconium-containing alumino-silicate fibre, a mixed fibre, and a crystalline mullite fibre. Both unused and used ceramic fibre products were characterised in terms of the morphology of the fibres, in terms of their rate of de-vitrification and in terms of all the crystalline phases formed during de-vitrification. In this way data relevant to their toxicity could be established and working practices improved.
The five ceramic fibre types were examined after a wide range of heat treatments at temperatures of 1050-1500°C, for times of up to 4004 h. Using XRD and previously determined calibration curves it has been possible to determine the constituent crystalline phases and the quantities in which they were present in these heat treated ceramic fibres.
The crystalline silica present in all heated samples was present mostly as a'-cristobalite, and only as a-cristobalite after long times at high temperatures. This is in contradiction to much of the previous work done on ceramic fibres which has reported /J-cristobalite to be present at room temperature after heat treatment (Brown et al., 1992a; Young et al., 1989 Young et al., , 1994 .
In terms of the rate of de-vitrification, all five types of ceramic fibre de-vitrified rapidly at 1300°C. After 374 h, virtually all the amorphous material present had been converted to crystalline phases, with large amounts of mullite and a.'-cristobalite present. Evidence of a third phase, possibly tridymite, was seen during the early stages of cristobalite formation.
At 1500°C de-vitrification was essentially complete after 48 h. After longer periods at 1300°C and 1500°C, the crystalline phases that appeared included acristobalite, zircon (in the zirconium-containing fibres) and the conversion of ©-A1 2 O 3 to a-Al 2 O 3 (in the mixed and mullite fibres). The appearance of a-cristobalite, at 1500°C, was accompanied by a decrease in the intensity of the a'-cristobalite peak. It appeared that at high temperatures, a'-cristobalite gradually converted to acristobalite.
SEM revealed two main features about the physical structure of the fibres. The initially smooth surface of the fibres develops a texture, presumably as crystals in the fibre grow due to heat treatment. Also, after severe heat treatment, the low bulk density structure of the fibre collapses as sintering and shrinkage occur. This would be seriously detrimental to the performance of the ceramic fibre as an insulating material.
Although chemically similar to the bulk material, the shot in these materials (which can be present in large quantities) has been shown to respond differently in terms of rate of de-vitrification to the bulk material after the same heat treatment. This will obviously need to be considered in any aspects of future work on such ceramic fibres.
Investigation into used furnace modules revealed a similar behaviour to that found in laboratory heat treated samples. It was also possible to quantify the amounts of mullite and cristobalite present in the modules at various distances from the hot face of the furnace lining, and hence the total amount in the module.
The data obtained for the de-vitrification of the different fibres at various temperatures and times should provide a database for predicting the de-vitrification that will occur. This in turn will aid in the decision of what material to line a furnace with, what lifetime it will have, when it should be wrecked, and what condition it will be in when it is wrecked. The quantification is also important, as it means the health hazards posed by the de-vitrification material can be assessed prior to its removal.
